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In this work, we present a quantum transport model for the selectivity filter in the KcsA potassium ion channel.
This model is fully consistent with the fact that two conduction pathways are involved in the translocation of
ions thorough the filter, and we show that the presence of a second path may actually bring advantages for the
filter as a result of quantum interference. To highlight interferences and resonances in the model, we consider
the selectivity filter to be driven by a controlled time-dependent external field which changes the free energy
scenario and consequently the conduction of the ions. In particular, we demonstrate that the two-pathway
conduction mechanism is more advantageous for the filter when dephasing in the transient configurations is
lower than in the main configurations. As a matter of fact, K+ ions in the main configurations are highly
coordinated by oxygen atoms of the filter backbone and this increases noise. Moreover, we also show that, for
a wide range of dephasing rates and driving frequencies, the two-pathway conduction used by the filter leads
indeed to higher ionic currents when compared with the single path model.
PACS numbers: 03.65.Yz, 87.15.A-, 05.60.Gg,
I. INTRODUCTION
Quantum biology is an emerging field of research which
aims at investigating the possibility of a functional role for
quantum mechanics or coherent quantum effects in biological
systems. Notably, much of the work made in the last years
have been related to transport, being the Fenna-Matthews-
Olson (FMO) complex an important example [1]. This
pigment-protein complex is present in green sulfur bacteria
and its function is to channel excitons from the chlorosome
antenna complex, where light is harvested, to the reaction cen-
ter which execute the primary energy conversion reactions of
photosynthesis. Much of the attention given to this complex,
and to quantum biology, in general, arose from the experimen-
tal observation of long-lived oscillatory features using ultra-
fast 2-D spectroscopy [2]. Such oscillations were interpreted
as evidence for the presence of long-lived electronic coher-
ence, something not trivial given the complexity of these open
systems. After these experimental observations, many efforts
have been made to explain the origin of those coherences [3],
and also to investigate their possible relation with entangle-
ment and other quantum related effects [4].
Due to its particular features and efficiency, ion channels
constitute another biological system where non trivial quan-
tum effects may appear and be functional [5]. These channels
are transmembrane proteins and they have an important role
in the production of electric signals in biological systems [6].
Their structure gives rise to a selectivity filter which is a very
narrow channel which catalyses the dehydration, transfer, and
rehydration of the ions in a very efficient way, achieving a flux
of about 108 ions per second [7]. Throughly crystallographic
studies and free energy computer simulations showed, more
than ten years ago, that ion translocation in the filter involves
transitions between two main states, and that these transitions
occur through two physically distinct pathways of conduction
[8, 9]. These pathways involve either two or three K+ ions
occupying the selectivity filter. Details about the experiment
and the simulations demonstrating that ion translocation in the
channel unmistakably follows two distinct paths can be found
in Methods section of [8].
In this work, we consider a quantum model with two con-
duction pathways in accordance with experimental results and
simulations in potassium channels [8, 9]. Consequently, the
transport in this system constitutes a two-path problem where
quantum superposition effects coming from the competing
paths of conduction play a decisive role. Since we treat here
the ionic current in the filter, the results predicted in this work
can in principle be experimentally accessed with physiolog-
ical techniques [5]. This requires the filter to be driven by a
periodic time dependent electric field which is also included in
our analyses. In the following, we present the basic elements
of the model and the inclusion of the driving field. We then
study the ionic conduction or current, highlighting the pos-
sible advantages of having two and not just one conduction
path. In particular, we study the role of having non uniform
dephasing in the topology, given that this is the most likely
physical picture in the selectivity filter.
II. MODELING CONFIGURATIONS AND PATHS IN THE
CHANNEL
In the systematically studied KcsA potassium channel
from soil bacteria Streptomyces lividians, whose structure is
very well known [10], K+ ions loose their hydrating water
molecules to enter the selectivity filter and carbonyl oxygen
atoms in its backbone replace the water molecules. This al-
lows the formation of a series of coordination shells through
which the K+ ions can move. Qualitatively distinguishable
configurations of ions and water molecules in the selectivity
filter correspond to different configurations which will be rep-
resented here as two-level systems. To be more specific, if a
site k is populated i.e., in state |1〉k, this configuration is ac-
tive. Otherwise, if it is in state |0〉k, this configuration is not
active or not participating in the ionic conduction. In a classi-
cal hoping mechanism, we would never find superpositions in
one configuration (being and not being used) or entanglement
between different configurations (different sites). Such quan-
tum coherent events lead to resonances in the ionic current
which might be measured directly using physiological tech-
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Ion translocation in the KcsA consists of K+ ions that pro-
ceed along the pore axis of the selectivity filter in a single fash-
ion with water molecules intercalating them. This gives rise
to two main configurations, usually denoted as 1-3 and 2-4,
representing the position of a pair of K+ ions in the selectivity
filter as depicted in Figure 1. The smaller these numbers are,
the closer to the extracellular side the ions are. For the sake of
simplicity in notation, we will denote here 2-4 by s (source)
and 1-3 by d (drain), indicating that we will assume that 2-4 is
in part driven incoherently by interactions of intracellular K+
ions with the carbonyl oxygens in the entrance of the channel,
and 1-3 can decay incoherently to another configuration cul-
minating with an ion leaving the cell. These processes can be
described by Lindblad superoperators in the form [11]
Ls(ρ) = Γs (− {σ−sσ+s , ρ} + 2σ+s ρσ−s ) , (1)
Ld(ρ) = Γd
(
−
{
σ+dσ
−
d , ρ
}
+ 2σ−dρσ
+
d
)
, (2)
where Ls(ρ) (Ld(ρ)) causes incoherent pump (decay) in the
source (drain), Γs (Γd) is the incoherent pump (decay) rate
for the source (drain), and σ+k (σ
−
k ) is the two-level raising
and lowering operator which create (destroy) excitations in
site k = s, d. Hereafter, {?, ρ} denotes the anticommutator
{?, ρ} ≡ ?ρ + ρ? and ρ is the density operator for the four
sites.
FIG. 1: In the selectivity filter, ions move outwards the cell in the
presence of negative oxygen atoms (red segments) of the carbonyl
groups in the lateral backbones. Just two of the four backbones are
shown. The concerted motion involves alternating potassium ions
K+ and water molecules H2O (not shown). S 1 − S 4 are binding sites
which are numbered according to convention that numbers decrease
when the ion proceeds from intra- to extracellular space.
There are two optimal pathways connecting s and d [8, 9],
and they will be denoted here by numbers 1 and 2, with no risk
of confusing them with the main configurations since these
are now denoted as s and d. Figure 2 depicts this two-path
network on the left panel. On the right panel, we present
a linear single-path chain which will serve as a benchmark
to test for a possible quantum advantage of the two pathway
conduction. Along pathway 1, an ion first approaches the in-
tracellular entrance to the selectivity filter, and then pushes
the two ions in the filter, causing the outermost ion to leave
the channel into the extracellular side. This is known as
concentration-dependent path [8]. In the second optimal path-
way, the concentration-independent path, the two ions in the
filter move first, leaving a gap in the selectivity filter which
will attract an incoming ion from intracellular space. All mi-
croscopic elementary steps involved in these transitions can
occur reversibly [9]. For this reason, we represent the situa-
tion by a hopping term in the Hamiltonian (~ = 1),
Hhop = c(σ+sσ
−
1 + σ
−
sσ
+
1 ) + c(σ
+
1σ
−
d + σ
−
1σ
+
d )
+βc(σ+sσ
−
2 + σ
−
sσ
+
2 ) + βc(σ
+
2σ
−
d + σ
−
2σ
+
d ), (3)
where c is a hopping rate and σ+k (σ
−
k ) with k = 1, 2 is the two-
level raising (lowering) operator for site k. For the two (single)
pathway topology we take β = 1 (β = 0). Of course, these
configuration changes do not take place at the same rate, but
we kept them equal in this treatment for the sake of simplicity.
Our main goal is to discuss the general aspects of the problem.
ds
1
2
1s d
FIG. 2: (left) Two-path topology where the source s is incoherently
driven and excitations hop thorough the network until it is incoher-
ently dissipated through the drain d. (right) Single-path topology. All
sites are subjected to dephasing (wavy arrows). The selectivity filter
in potassium ion channels uses a two-path configuration for changing
between s and d.
III. DRIVING THE CHANNEL
The last section, and especially Hamiltonian (3), refers to
the channel under natural conditions in the cell membrane. In
this case, there are only small electric fields due to concen-
trations of different ions inside and outside the cell and also
charged residues of aminoacids forming the filter. Now, we
will consider a particular technique which allows one to probe
individual channels in the membrane and to subject them to
different electric fields and chemical environments. This tech-
nique, called patch clamping [12], enables one to subject the
ions in the channel to constant and time-dependent potentials
due to applied electric fields [5]. Consequently, this changes
the free energy scenario which rules the translocation of ions
in the filter [8]. Following [5], we will consider the field to be
engineered so that the configurations follow
Hext = (Ω0 + Ω1 cosωt)[σ+sσ
−
s + 2(σ
+
1σ
−
1 + βσ
+
2σ
−
2 )
+3σ+dσ
−
d ], (4)
where Ω0 and Ω1 are essentially the amplitudes of the dc and
ac parts of the field, respectively, and ω the angular frequency
of the ac part. Similar changes in the free energy scenario oc-
cur due to long-range coupling mechanisms in response to a
perturbation at a large distance in the protein. This is what
happens, for instance, in ion pumps due to the binding of
Adenosine triphosphate (ATP).
The full Hamiltonian for the periodically driven selectiv-
ity filter is then H = Hhop + Hext. And this does not refer to
3the channel under natural condition but rather to the channel
being probed in the patch clamping setup. Interaction with
the environmental degrees of freedom, especially vibrations
of the carbonyl groups of the selectivity filter backbone [3],
surely induces dephasing noise. In this first treatment of the
problem, we will assume the simplest model where this noise
is local and memoryless, i.e., we will use the following Lind-
blad superoperator
Ldeph(ρ) =
∑
i=s,d,1,2
γi
(− {σ+i σ−i , ρ} + 2σ+i σ−i ρσ+i σ−i ) , (5)
where γi is a time independent positive dephasing rate. Usu-
ally, the drain excitation probability or population is used to
quantify transport efficiency in coupled quantum systems [13–
16]. Here, we are interested in the time average of this quan-
tity or current I which reads [5]
I = lim
T→∞
1
T
∫ T
0
2 Γdρd(t) dt, (6)
where ρd(t) is the reduced state of the drain which is obtained
by tracing out all other sites.
Both, the concentration dependent and independent paths,
appear in the experiments and simulations as pathways con-
necting site s to site d, and then contribute to ionic conduction
[8, 9]. In the quantum regime, these different paths may com-
pete leading to interference effects in the observable current I.
We now present our findings about the main trends followed
by this current. In particular, we investigate a possible quan-
tum advantage of having two conduction paths linking s and
d by comparing the current I produced with the topologies
shown in Figure 2. Although we are treating transport in the
context of a biological system, it is worthwhile noticing that
coupled two-level systems also appears in a great variety of
physical scenarios including, for example, quantum dots [15]
and superconducting qubits [17]. Consequently, the results
presented here might be of value for quantum technologies
using qubits, where our results might even be promptly simu-
lated and experimentally observed [18].
IV. ESTIMATION OF PARAMETERS AND
DECOHERENCE IN THE SYSTEM
In this section, we provide a more detailed physical discus-
sion about the choice of parameters used in the simulations
presented later on in this work. In particular, we try to pre-
dict the order of magnitude of the decoherence rates in order
to compare it with estimated frequencies of the system. It
is important to remark that our work is based on an effective
model. The same is done in recent descriptions of the FMO
[13, 14]. In this case, nonlinear spectroscopy techniques gives
direct information on coupling constants and frequencies ap-
pearing in an effective description based on the occupation of
two-level sites. For the ion channels, however, there is not yet
an experimental technique which provides information on the
parameters used in effective models. Consequently, we have
to estimate the order of magnitude of the parameters involved
in our model using indirect available experimental data. This
is of course not the most suitable scenario to do predictions,
but we think that this is not a reason to prevent serious inves-
tigations which pave the way for advances and motivate the
proposition of new experimental techniques to verify or fal-
sify the findings of the models.
The physical constants should be chosen as to fullfill the
expected (and measured) current which is transported by the
channel under regular conditions, i.e., 108 ions/sec [7]. To
achieve this, we basically follow the reasoning presented in
[5]. From (3) and (4), it follows that Ω0 is the energy dif-
ference between the configurations and c is the hopping rate
between them. Let us consider the case c << Ω0. In or-
der to active a transfer rate of 108 ions/sec, perturbation the-
ory tell us that we must have c2/Ω0 ≈ 108ions/sec. On the
other hand, this time dependent transport model presents res-
onances when Ω0 = nω with n integer and ω the frequency of
the drive which appears in (4). We will set the system to work
near theses resonances. By defining the constant ω0 = 108s−1,
these conditions are fulfilled by choosing c ≈ ω0 and n >> 1.
For this reason, the simulations are run using c = 8ω0 and
Ω0 = 256ω0. The incoherent pump and disposal of configura-
tions given by Γs and Γd, respectively, depend on the specific
conditions under which the experiment will be set. It is natural
to think them as a monotonic function of the concentration of
ions inside and outside the cell, as supposed in [5]. Numerical
simulations show that variations of these constants only limit
the total current but not its dependence on other parameters.
So, it does no harm to fix these constants to be the same order
as the rate 108 ions/sec, i.e, Γs = 2ω0 and Γd = ω0. Finally,
one have some freedom to set Ω1 (the drive amplitude) at any
desired value because it is an externally controlled parameter.
Since the behavior of the current as a function of Ω1 consists
of a sequence of maxima and minima [5], we will set this am-
plitude such that one has the first minimum of current. This is
achieved with Omega1 = 284.92ω0.
Giving the complexity of the system, it is not easy to an-
ticipate the decoherence rate. For this reason, in the first
simulation shown in Figure 3, we vary the dephasing rate γ
over a wide range. Consequently, we can draw conclusions
in regimes such as pure quantum transport (small decoher-
ence) and highly classical transport (massive decoherence).
In what regime precisely the channel works is a question to
be answered experimentally such as happened to some photo-
syntetic complexes which were shown to keep track of some
quantumness due to partial preservation of quantum coher-
ences [2]. However, it is interesting to see that it is possi-
ble, through simplified assumptions, to provide a rough or-
der of magnitude of the dephasing rate. Again, we follow the
reasoning originally shown in [5]. One can assume that the
dominant form of noise comes from the stretch mode of the
carbonyl groups in the ion channel. This naturally changes
the width of the wells forming the trap sites, causing the fre-
quency or energy of the stable configurations to fluctuate. The
simplified model considering just one trap site and one mode
of stretch is then described by the Hamiltonian
Ht,CO = ωtb†b + ωCOa†a + λb†b(a† + a), (7)
4where ωt is the frequency of ion in the trapping well and ωCO
is the frequency of the stretch mode. If one consider the trans-
port of ions as a sequence of tunelling events through barriers
separating the wells, it is not hard to show that the frequency
of motion in each well must be around ωt ≈ 1012s−1 in or-
der to obtain a tunneling rate of 108 ions/sec, as shown in
[5]. Concerning the mode, given its typical high frequency
ωCO ≈ 1014s−1, only the ground state is appreciably popu-
lated in room temperature and the corresponding mean square
deviation of the position of the oxygen atoms in the carbonyl
groups is of the order of 0.02Å. One can then attempt to nu-
merically find the order of magnitude of the fluctuations in ωt
induced by oscillations of amplitude 0.02Å. This fluctuation
turns out to be about one order of magnitude smaller than ωt
[5]. Consequently, we can roughly consider λ = ωt/10 in (7).
In the scope of this simplified model, an initial super-
position state of the ion such as (|0〉 + |1〉)/√2 times the
ground state of the mode, would evolve such that after a
time td ≈ 103ω−1t = 1ns, the fidelity with the initial state
will drop to 1/e. This suggests a decoherence rate about
γ ≈ 1/td = 109s−1. Therefore, in this crude estimation, one
obtains that the dephasing rate γ is approximatelly one or-
der of magnitude stronger than ω0. But this is not enough to
discard the analyses of regimes where γ is slightly bigger or
smaller than ω0. In fact, we will show in next section that the
two-path topology is more efficient than the single path one
even for high dephasings. As said before, it is likely that only
an experiment will be able to precisely determine γ. In [5], it
is proposed the use of physiological techniques to experimen-
tally estimate γ from measurements of current.
V. SIMULATIONS
We first analyze the role of dephasing in the transport, es-
pecially in the conduction pathways embodied by sites 1 and
2. It is well known that in the selectivity filter, the config-
urations s and d have K+ ions residing near the center of a
box formed by eight carbonyl oxygens, while in the interme-
diate sites 1 and 2 the coordination is reduced to six oxygen
atoms, with just four of them provided by the carbonyl groups
of the backbone [8]. Since coupling to the stretch mode of
the carbonyl groups is expected to be the main cause of de-
coherence, we expect that the intermediate sites will possess
lower decoherence rates. It is then interesting to see whether
having less dephasing in the intermediate configurations helps
conduction.
In order to investigate this point, we compare both topolo-
gies considering fixed dephasing in sites s and d (γs = γd =
γ = 0.4ω0), and varying the dephasing γ˜ in 1 and 2 (γ1 = γ2 =
γ˜). The current I(γ˜) for this configuration is presented in Fig-
ure 3, where we subtracted the current I(γ) which corresponds
to the case of invariant dephasing. Interestingly enough, it is
clear that the two pathway topology benefits from the passing
through configurations of reduced dephasing (γ˜ < γ = 0.4ω0)
which is consistent with the fact that the intermediate sites are
less coordinated.
It is import to remark that Figure 3 does not allow us to de-
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FIG. 3: Current I(γ˜) obtained by fixing dephasing γ = 0.4ω0 in sites
s and d and varying γ˜ which is the dephasing in sites 1 and 2. We
subtracted I(γ) which is the current for equal dephasing in all sites.
Solid line corresponds to the single-pathway topology and dashed
line to the two-pathway. We used ω = 4ω0 and Ω1 = 284.92ω0.
cide which topology is best suited for transport for a given
value of γ. It only allows us to evaluate the advantage of
having intermediate sites of lower decoherence rates than the
binding sites. In figure 4, we address this point by fixing the
ration γ˜/γ and varying γ. We show the behavior of the cur-
rent in the cases where decoherence in the intermediate sites
is lower or stronger than in the binding sites. It is now quite
clear that, in respect to different decoherence regimes, the
two-pathway topology is more likely to bring transport ad-
vantages to the channel compared to the linear topology.
In general, for a giving value of the driving field frequency
ω, models such as the one considered here present resonances
when varying the driving field amplitude Ω1 [5]. In order to
gain more information about the advantages of having one or
two conduction pathways in the filter, we now study the global
maximum of current Imax(Ω1) as a function of ω. The result
is shown in Figure 5. It is now clear that for most cases the
two-path topology can offer advantages with and without de-
phasing i.e., the range of ω for which the two-path supersedes
the single path is quite wide. The results are actually quite
convincing in favor of the two-path topology. Let us take the
case ω = 10ω0, for instance. The current with no dephasing
using the two-path topology is more than twice the current
observed in the single-path topology. This is a clear evidence
of constructive quantum interference arising from competing
conduction paths. Even in the presence of dephasing, the ad-
vantage of the two-path topology at ω = 10ω0 is much more
pronounced than advantage found with the single-path for
small ω. Therefore, having two competing paths of conduc-
tion gives in general advantages for the filter, and this might
have actually been used by channel to help it operate under a
real noisy environment. As a final comment, it is interesting
to see that about ω = 12ω0, dephasing helps conduction in the
two-path topology. This is a phenomenon called dephasing-
assisted transport in the literature [13, 14]. The same happens
for the single-path topology for ω bigger than about 9ω0.
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FIG. 4: (Above) Current I(γ) obtained by fixing γ˜/γ = 0.3 and vary-
ing γ which is the dephasing in sites s and d. The quantity γ˜ is
the dephasing in the intermediate configurations 1 and 2. Solid line
corresponds to the single-pathway topology and dashed line to the
two-pathway. (Below) The same for γ˜/γ = 3. Solid line corresponds
to the single-pathway topology and dashed line to the two-pathway.
We used ω = 4ω0 and Ω1 = 284.92ω0.
 2  8 6 4  10  12
ω/ω0
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
0.1
0.2
Im
ax
(Ω
1)/
ω
0
FIG. 5: Behavior of the global maximum of current Imax(Ω1) as a
function of ω. Squares refer to the case with no dephasing and tri-
angles to dephasing with γs = γd = 0.4ω0 and γ1 = γ2 = 0.1ω0.
Empty shapes in dashed lines refer to the two-path topology and
filled shapes in solid lines refer to the linear single-path topology.
VI. FINAL REMARKS
In this work, we presented a simple quantum model which
takes into account the most significant features of the KcsA
potassium channel. In particular, we included the fact that this
system employs two pathways of conduction. From a quan-
tum point of view, this could be a big advantage given that
possible constructive interference effects can play a role. We
then studied the role played by a second pathway of conduc-
tion, and we found that there might be indeed some advan-
tage for the filter to have it. This advantage appears in both
the closed system dynamics, which is certainly not the case
in real ion channels, and in the open system scenario where
system functions. It is important to remark that, from the ex-
perimental side, it is still necessary to wait for advances to
discover whether or not this system operates in this moderate
noisy regime where the two-path topology confers advantages
over the single-path. In other words, it is still an open question
whether or not quantum coherence is present in this interesting
biological system. However, the measure of the current using
the scheme proposed in [5] would be enough to decide on the
validity of the model. On the other hand, given that quantum
transport is a very important topic for modern technologies,
our results may still find applications in a great variety of cou-
pled quantum systems such as arrays of quantum dots, trapped
ions, and other systems alike.
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